ABSTRACT
INTRODUCTION
Translation of selenium-containing proteins includes the biochemical decision either to recognize in-frame UGA codons as the amino acid selenocysteine or as a cessation site of protein synthesis+ In mammals, the choice to insert selenocysteine into the elongating selenoprotein requires a recognition element within the 39 untranslated region of the corresponding mRNA, referred to as the SECIS element, as well as a number of translational factors dedicated to selenoprotein biosynthesis (Berry et al+, 1993; Low & Berry, 1996) + Among these factors is selenocysteine tRNA, which is aminoacylated initially with serine and designated tRNA [Ser] Sec (Lee et al+, 1996) + Following aminoacylation, the serine moiety is then converted to selenocysteine while attached to tRNA [Ser] Sec + The resulting selenocysteyltRNA then serves as the adapter molecule to recognize the appropriate UGA codon and donate its amino acid to the growing polypeptide chains+
In mammalian cells, tRNA [Ser] Sec exists in two major forms, differing only by 29-O-methylation of the ribosyl moiety in the wobble position of the anticodon (Amberg et al+, 1993; Diamond et al+, 1993 )+ Methylation of the 5-methylcarboxymethyluridine (mcm 5 U) nucleotide at that position is associated with a conformational change in tRNA [Ser] Sec (Diamond et al+, 1993) + Selenium has been shown to shift the relative distribution of the two forms of tRNA [Ser] Sec in cells in culture (Hatfield et al+, 1991) , in animal tissues and organs (Diamond et al+, 1993; Chittum et al+, 1997) , and in Xenopus oocytes (Choi et al+, 1994) towards the methylated form, 5-methylcarboxymethyluridine-29-O-methylribose (mcm 5 Um) (Diamond et al+, 1993; Choi et al+, 1994 )+ In addition to affecting the distribution between these isoacceptors, selenium also increases the stability of tRNA [Ser] Sec , resulting in elevated steady-state levels of these molecules+ To date, the biochemical and biological consequences of the selenium-induced changes in the tRNA [Ser] Sec population remain unknown, as do the possible different biological roles of each isoacceptor+ It is interesting to note, however, that when the amount of the tRNA [Ser] Sec population was reduced to approximately 50% in mouse embryonic stem cells by inactivating one of the two copies of the mouse tRNA [Ser] Sec gene (Bösl et al+, 1997; Chittum et al+, 1997) , the amount of the mcm 5 Um isoacceptor is maintained at the expense of mcm 5 U species (Chittum et al+, 1997 )+ In addition to influencing the amount and distribution of the tRNA [Ser] Sec isoacceptors, selenium also affects the levels of some selenoproteins (Sandstrom et al+, 1987; Bermano et al+, 1996; Berggren et al+, 1997; Yeh et al+ 1997) in mouse cells (Ohama et al+, 1994) gene and a plasmid containing the marker for resistance to the antibiotic geneticin G418 or just vector was examined by primer extensions, using an oligonucleotide complementary to positions 18-37 (see Materials and Methods)+ By terminating the extension at thymidine, an extension product of 24 nt for the mouse tRNA [Ser] Sec and one of 25 nt for the endogenous CHO tRNA
[Ser]Sec would be predicted+ As can be seen in Figure 1 , a band representing only the ϩ5 extension product was evident when either untransfected CHO tRNA (lane 2) or tRNA isolated from CHO cells transfected with only vector was used as a template (lane 4)+ In contrast, an additional extension product of ϩ4 is apparent when tRNA was prepared from cells (Fig+ 3) , and this increase was proportional to the number of copies of the stably integrated gene+ The two isoacceptors are readily distinguishable by RPC-5 chromatography whereby the mcm 5 U-containing tRNA elutes earlier from the column than the 29-Omethylated form (Diamond et al+, 1993 )+ As shown in Figure 4A , untransfected CHO cells contain slightly more of the mcm 5 U than the mcm 5 Um isoacceptor+ Representative data for the profile obtained from T10, a CHO transfectant containing approximately 8-10 copies of the mouse tRNA [Ser] Sec gene, are presented in Figure 4C and the comparable data for the other transfectants evaluated in this manner is presented in Table 1+ It is apparent that the overwhelming majority of mouse tRNA [Ser] Sec was retained in the earlier eluting, mcm 5 U form+ This raised the possibility that mouse tRNA [Ser] Sec , perhaps because of sequence differences between it and the CHO tRNA
[Ser]Sec , is not a substrate for 29-O-methylation+ To assess whether this was true, tRNA from cells expressing the mouse tRNA [Ser] Sec was recovered from column fractions representing either the mcm 5 U or mcm 5 Um isoacceptors and each type FIGURE 2. Multiple copies of the mouse tRNA [Ser] Sec gene detected in genomic DNA of CHO transfectants+ Genomic DNA was prepared from the indicated CHO cells, digested with EcoR 1, and electrophoresed in 1% agarose+ The DNA was transferred to a Gene Screen Plus hybridization membrane and probed with the 32 P-labeled human tRNA [Ser] Sec gene+ The filter was washed twice in 0+2ϫ SSC, 1% SDS at 65 8C and exposed to X-ray film for 24 h at Ϫ85 8C+ The arrows on the left panel indicate the positions of hybridizing bands representing endogenous CHO tRNA [Ser] Sec sequences in the left and center panels and the arrows on the right panel show the position of the corresponding endogenous sequences in the right panel+ (Hatfield et al+, 1991) or Xenopus oocytes (Choi et al+, 1994) , or when provided in the diet of rodents (Diamond et al+, 1993; Chittum et al+, 1997 )+ As shown in Figure 4 , this also occurs when the media of CHO cells is incubated for 10 days with 100 nM sodium selenite+ Transfectants containing elevated levels of tRNA [Ser] Sec , retained principally in the mcm 5 U form, were similarly treated with selenium and the consequences on the distribution of the isoacceptors determined+ As shown in Figure 4 for T10 cells and in both Figure 3 and Table 1 [Ser] Sec in transfected cells could stimulate GPx levels, transfectants and control cells were assayed for GPx activity, measured in a coupled spectrophotometric assay that quantitates the levels of this enzyme with all other components of the reaction in excess+ As shown in Table 2 , elevated levels of tRNA [Ser] Sec did not significantly increase the baseline levels of GPx+ However, CHO cells transfected with a GPx expression construct (Diamond et al+, 1997) produced significantly higher levels of GPx only when the culture media was supplemented with selenium ( It remained possible that the levels of selenoproteins other than GPx were being influenced by elevated tRNA [Ser] Sec levels+ To assess this possibility, a CHO transfectant expressing approximately eightfold higher levels of the mcm 5 U isoacceptor was incubated with 75 Se and the labeled selenoproteins were examined by gel electrophoresis and compared to similarly prepared proteins from control cells+ As shown in Figure 5 , there is no evidence of elevated steady-state levels of any selenoprotein due to increased levels of tRNA [Ser] Sec + It is unlikely that the reason that elevated levels of tRNA [Ser] Sec obtained following transfection did not alter selenoprotein biosynthesis was a functional defect in the tRNA [Ser] Sec generated from the transfected mouse gene+ As shown in Figure 3 , tRNA [Ser] Sec transcribed from the mouse gene was clearly capable of being aminoacylated with serine+ To obtain additional data indicating the functionality of the mouse tRNA [Ser] Sec , tRNA from cells producing the highest levels of tRNA [Ser] Sec (Table 1) were aminoacylated with 3 Hserine and the labeled seryl-tRNAs isolated following RPC-5 chromatography+ The mcm 5 U and mcm 5 Um isoacceptors were independently tested for their ability to respond to UGA in a ribosome binding assay+ As shown in Table 3 (Nirenberg & Leder, 1964) Transcription of tRNA [Ser] Sec is highly atypical in that the primary transcript lacks a 59 leader sequence, that is, transcription begins at the first nucleotide within the gene (Lee et al+, 1987 )+ Another unique feature of tRNA [Ser] Sec compared to other tRNAs is that the transcription of tRNA [Ser] Sec requires sequences upstream of the transcription start site (Lee et al+, 1989; Carbon & Krol, 1991) in addition to internal promoter elements (Carbon & Krol, 1991; Park et al+, 1995; Schuster et al+, 1995) + These features may contribute to the maintenance of tRNA [Ser] Sec at levels well below that seen for most other tRNAs, perhaps to prevent suppression of UGA termination codons by the serylated form of tRNA [Ser] Sec + It has recently been shown that seryl-tRNA [Ser] Sec serves as an authentic suppressor of UGA in mammalian cells in vivo (Chittum et al+, 1998 )+ Further studies are required to evaluate the effect of increased tRNA [Ser] Sec levels on the suppression of UGA codons in mammalian mRNAs terminating with this stop codon+ Despite the increased levels of tRNA [Ser] Sec obtained in CHO cells, no apparent effect on growth kinetics was observed when compared to cells transfected with vector only (unpubl+ observations)+ This raises the issue as to whether there would be any disadvantage or toxic consequences to tRNA [Ser] Sec overexpression+ Although levels of tRNA [Ser] Sec were significantly higher in some transfectants, we note that the majority of this extra tRNA was retained in the mcm 5 U species which eluted earlier from the RPC-5 column+ This isoacceptor differs from the later eluting species only by 29-O-methylation of the mcm 5 U residue at the 59 position of the anticodon (Diamond et al+, 1993 )+ We have shown that this methylation stabilizes the molecule in a more open conformation in which most phosphodiester bonds are more equally accessible to cleavage by formamide (Diamond et al+, 1993 )+ Consistent with this conclusion, methylation also was shown to increase the salt concentration required to elute tRNA [Ser] Sec from ion exchange columns and changed its mobility on nondenaturing polyacrylamide gels (Diamond et al+, 1993 [Ser] Sec may be tolerated in CHO cells as most of the additional tRNA generated from the transfected mouse tRNA [Ser] Sec gene sequences is maintained in the unmethylated molecular form, which may be the less active species in selenoprotein biosynthesis+ This would be consistent with our observation that overexpression of tRNA [Ser] Sec in CHO cells did not result in measurable changes in the biosynthesis of either glutathione peroxidase or any other detectable selenoprotein+ Therefore, the levels of tRNA [Ser] Sec isoacceptors are unlikely to be limiting for selenoprotein biosynthesis under normal conditions, although it remains possible that tRNA
[Ser]Sec overexpression resulted in subtle changes in the biosynthesis of specific selenoproteins not resolved by our methods+ As shown in Table 2 , maximal production of GPx following transfection of an expression construct required selenium supplementation+ Because selenium increases the amount of the 29-O-methylated tRNA [Ser] Sec isoacceptor in CHO cells, these data are collectively consistent with the possibility that the mcm 5 Um containing tRNA [Ser] Sec species may be limiting for GPx production in these cells+ Furthermore, it may be necessary to maintain a minimum level of the methylated isoacceptor+ Recently, the levels of tRNA [Ser] Sec in mouse embryonic stem cells was reduced by deleting one of two copies of the tRNA [Ser] Sec gene by homologous recombination (Chittum et al+, 1997) + Although the overall levels of tRNA [Ser] Sec were reduced by approximately half, wild-type levels of the methylated isoacceptor were retained with no apparent effect on selenoprotein biosynthesis+ Similar observations were also reported in mice genetically engineered to carry only one functional copy of the tRNA [Ser]Sec isoacceptors towards the methylated species (Baek et al+, 1997 )+ This occurs when the media of mammalian cell lines is supplemented with selenium (Hatfield et al+, 1991) or when animals are fed a selenium-adequate versus seleniumdeficient diet (Diamond et al+, 1993; Chittum et al+, 1997) + Similarly, incubation of CHO cells with 100 nM sodium selenite results in a 25% shift in the unmethylated to methylated isoacceptor+ In CHO cells overexpressing tRNA [Ser] Sec , selenium did not result in a further shift in isoacceptors compared to control cells+ This suggests that 29-O-methylation of the wobble nucleotide of tRNA [Ser] Sec is probably a limiting event in tRNA maturation+ Furthermore, because all other mammalian cells examined to date respond to the supplementation of their culture media with sodium selenite in a shift in the distribution between tRNA
[Ser]Sec isoacceptors towards the mcm 5 Um form, it is likely that mammalian cells contain a selenium-responsive methylase activity+ The functional consequences of tRNA [Ser] Sec methylation remain unknown, but we speculate that it may serve as a cellular response to selenium availability that results in altered selenoprotein biosynthesis+
MATERIALS AND METHODS

Cell culture and transfection
CHO AA8 cells were obtained from D+ Grdina and maintained at 37 8C and 5% CO 2 in a-MEM media (Gibco-BRL or BioWhittaker) containing 10% heat-inactivated fetal bovine serum (Intergen) and pen/strep (Gibco-BRL)+ Co-transfection of the mouse tRNA [Ser] Sec gene (Ohama et al+, 1994) , either as a 1+93 kb Stu 1-Xho 1 fragment or as an insert in the pBluescript II KS vector, at a tenfold molar excess of either Overproduction of tRNA [Ser] Sec the pLNCX (Miller & Rosman, 1989) or EF-pLNCX (Diamond et al+, 1997) plasmid, was accomplished with lipofectin reagent (Gibco-BRL) using 20 mg of lipofectin and a total of 2 mg of DNA, essentially as described by the vendor+ Cells at 30-50% confluence were washed with Opti-MEM serum-free media (Gibco-BRL), overlaid with the Lipofectin/DNA solution in a volume of 2+0 ml, and incubated overnight+ The cells were then placed in complete media for 24 h, trypsinized, and re-plated at either a 1:5 or 1:50 dilution in complete media containing 500 mg/ml geneticin G418 (Sigma) for 7-10 days+ Colonies (containing .50 cells) were either scored or removed from the plate using a cloning cylinder and expanded to mass culture for further analysis+
Southern blot analysis
For Southern blot analyses, genomic DNA was isolated, digested with EcoR 1, and electrophoresed on 1% agarose gels+ The digested DNA was transferred to a Gene Screen membrane by capillary action as described by the vendor (New England Nuclear)+ The filter was hybridized with a 193 bp DNA fragment containing the human tRNA [Ser] Sec gene (O'Neill et al+, 1985) labeled with a-32 P-dCTP (3,000 Ci/ mmol, NEN) by random oligo labeling (Feinberg & Vogelstein, 1984 )+ The filter was washed twice with 0+2ϫ SSC, 1% SDS at 65 8C and exposed to X-ray film at Ϫ85 8C+
Primer extension
To distinguish between CHO tRNA [Ser] Sec and that arising from transcription of the transfected mouse gene, primer extension of total tRNA was performed+ Total tRNA was isolated as described below+ A primer complementary to the 59 end of tRNA [Ser] Sec (U15m, 59-GAAGCCTGCACCCCAGACCA) was 59-end labeled with g-32 P-ATP and polynucleotide kinase (Boehringer Mannheim) and the unincorporated label was removed using a NACS PREPAC ion exchange column (Gibco-BRL) as described by the vendor+ Labeled oligonucleotide was ethanol precipitated and used in primer extension studies+ Typically, approximately 1 pmol of labeled oligonucleotide was annealed with 100 ng of template tRNA by heating at 65 8C for 10 min in annealing buffer (50 mM Tris-HCl, pH 6+5, 0+2 M NaCl) and slow cooling for 1 h at 37 8C+ The annealed template and primer were then ethanol precipitated and extended using 5 units of reverse transcriptase (Boehringer Mannheim) in extension buffer (50 mM Tris-HCl, pH 8+0, 6 mM MgCl 2 , 10 mM DTT, 500 mM each of dGTP, dCTP, and dTTP, and 250 mM dideoxyATP) for 90 min at 90 8C+ The extension products were then ethanol precipitated, resuspended in formamide loading buffer, and applied to a 10% acrylamide:bis-acrylamide (29:1) denaturing gel and electrophoresed until the bromphenol blue tracking dye migrated to the bottom of the gel+ The gel was then exposed to X-ray film using a Reflection Plus intensifying screen (DuPont)+
Isolation and aminoacylation of tRNA, RPC-5 chromatography
Total tRNA was isolated from CHO cells grown in culture in either the presence or absence of 100 nM sodium selenite for 10 days, deacylated and aminoacylated with [
3 H]serine (Amersham, specific activity 32 Ci/mM) in the presence of rabbit reticulocyte aminoacyl-tRNA synthetases (under conditions of limiting tRNA), and the resulting labeled aminoacyl-tRNA chromatographed twice on a RPC-5 column (Kelmers & Heatherly, 1971) , first in buffer without Mg 2ϩ and then in buffer containing Mg 2ϩ (Hatfield et al+, 1991; Diamond et al+, 1993 To analyze the selenoprotein population in cells harboring copies of the mouse tRNA [Ser] Sec gene or just vector alone, cells were grown in culture supplemented with 100 nM sodium selenite for 12 days+ The cells were then washed as above in 1ϫ PBS and each cell line was labeled with 45 mCi of [
75 Se] (see above) for 36 h+ The cells were trypsinized and proteins were extracted, electrophoresed on a 10% polyacrylamide gel (Gladyshev et al+, 1998) , and transferred to a PVDF membrane+ The membrane was stained with Coomassie blue and then exposed overnight in a PhosphorImager+
Glutathione peroxidase assay
GPx activity was measured using a standard coupled spectrophotometric assay method as described in Samuels et al+, 1991+ Briefly, CHO cells were removed from tissue culture flasks by scraping, washed with ice cold phosphate buffered saline, and resuspended in ice-cold sodium phosphate buffer (0+1 M, pH 7+0)+ Cells were lysed by sonication and debris removed by centrifugation in a microfuge for 3 minutes+ The assay contained 0+25 mM NADPH, 5 mM reduced glutathione, 5 mM EDTA, 1 unit of glutathione reductase, 5 mM sodium azide, 5-100 ml lysate, and 65 mM hydrogen peroxide in a 1+0-ml reaction volume+ The rate of oxidation of NADPH, corresponding to the change in absorbance at 339 nm, was measured in a Beckman DU 540 Spectrophotometer at 30-s intervals for 5 min+ The results were adjusted by subtracting the rate of oxidation of NADPH obtained without cell extract, normalized to the amount of protein used in the assay, and expressed as the number of nmol NADPH oxidized/ min/mg protein+
